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WATER-TINNEl  TESTS  OF  BASE-VENTED 
TORPEDO  MODELS 

by 

T.  G.  Lang 
and 

H.  V.  L.  Patrick 
Research  Department 


ABSTRACT.  Tests  were  performed  in  a  free- surfac l; 
water  tunnel  to  determine  the  ventilated-drag  charac¬ 
teristics  of  truncated  torpedo  models.  The  streamlined, 
fully  wetted  model  used  for  comparison  in  the  experi¬ 
ments  was  a  body  of  revolution  with  a  fineness  ratio  of 
8:  1  and  a  diameter  of  2  inches.  The  drag  based  on  body 
volume  for  most  of  the  vented,  truncated  models  was 
equal  to  the  drag  of  the  streamlined,  fully  wetted  model. 
One  particular  model,  with  a  short,  boat-tailed  afterbody, 
was  the  best  of  the  vented  configurations  from  the  stand¬ 
point  of  combined  low  drag  and  low  air  flow.  At  no  time 
during  the  tests  did  any  of  the  models  ventilate  forward 
of  the  base.  ^ 
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NOMENCLATURE 

A  C  ro  s  s  -  SL-ctional  area  of  torpedo  (ird^/d), 

Aj^  Base  area  of  torpedo  (ird^/d),  ft‘' 

Cj^  .  Drag  coefficient  based  on  cross-sectional  area  (D/q^A) 
coefficient  based  on  volume  (D/q^V^'  ) 

d  Diameter  of  torpedo,  ft 

d^j  Diameter  of  base,  ft 

d^  Truncation  diameter,  ft 
D  Drag,  lb 

F  Froude  number  ( V / g i ) 

g  Acceleration  of  gravity,  3^1.13  ft/sec*^ 

K  Ventilation  number  (P^  -  P<;)/qoo 

f  Lcmgtli  of  torpedo,  ft 

P^  B  ase  -  cavity  p  res  sure ,  Ib/ft^ 

Pj^  Frec'-slream  static  pressure,  Ib/ft^ 

Free-stream  dynamic  pressuri’  (IpVj^),  Ib/ft"^ 

Q  Air-flow  rati-  at  frt'e  stream  pressure,  ft^/sec 

o'  Air-flow  rate  coefficient  (Q/VqoAjj) 

r  Critical  ai  r  -  flow- rate  coefficient  (cr+  de  si  g  iiate  s  increasing 
air-flow  rate;  c  r  -  designates  reducing  air-flow  rate) 

R^  Rc-ynolds  number  (Vg^f/v) 

•V  Torpedo  ijody  volume,  ft^ 

Fri'e  stream  velocity,  ft/sec 

a  Angle  of  attack,  deg 
f)  Density  of  tlie  fluid,  slugs/ft^ 

V  Kinematic  viscosity,  ft'^/sec 


V 
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INTRODUCTION 

Interest  in  ventilated  hydrofoils  at  the  U.  S.  Naval  Ordnance  Test 
Station,  Pasadena,  began  in  the  mid-1950's  and  resulted  in  several  ex¬ 
perimental  and  theoretical  investigations  (Ref.  1-10).  A  natural  ex¬ 
tension  of  these  investigations  was  the  study  on  base-vented  torpedoes 
reported  here. 

Since  many  modern  torpedoes  use  thermal  propulsion  systems,  ex¬ 
haust  gaz  is  available  for  ventilation.  If  the  drag  of  a  torpedo  with  a 
vented,  truncated  tail  cone  is  reasonably  low,  a  considerable  gain  in 
packaging  efficiency  might  be  obtained  as  a  result  of  the  reduced  length. 
New  possibilities  for  both  mechanical  and  hydrodynamic  design  changes 
would  also  exist. 

To  obtain  sufficient  basic  data  for  design  purposes,  a  series  of  ex¬ 
periments  was  planned  at  the  free-surface  water  tunnel,  California 
Institute  of  Technology  (CIT).  It  was  decided  to  test  one  streamlined 
model  and  seven  base-vented,  truncated  models  of  various  lengths. 

The  objective  was  to  measure  drag  and  cavity  pressure  as  functions  of 
air-flow  rate,  angle  of  attack,  and  tunnel  speed.  The  results  would 
determine: 

1.  Whether  base- vented  torpedoes  have  low  cnougli  drag  to  be 
feasible. 

2.  The  magnitude  of  the  required  gas-flow  rates. 

3.  The  cavity  pressures  involved. 

4.  The  restrictions  imposed  by  speed  or  angle  of  attack. 

5.  Whether  ventilation  occurs  aiiead  of  tlie  base. 


DESCRIPTION  OF  MODEL  AND  INS  i  RUMENT  AT  ION 

The  streamlined  torpedo  model,  designated  as  Model  A,  had  a 
fineness  ratio  of  8  ;  1 ,  with  a  blunt  nose  faired  into  a  2 -i  nch  -  di  am  et  e  r 
cylindrical  center  section.  The  afterbody  was  the  David  Taylor  Model 
Basin  4174  shape  faired  into  a  24  “  cone.  Models  B  -  G  were  base- 
vented  and  were  identical  to  Model  A  except  that  their  tail  cones 
wc-re  truncated  at  various  diameters.  Model  G  was  simply  Model  A 
without  a  tail  cone.  Modid  H  was  also  base-ventid,  but  liad  a  boat- 
tailed  afterbody  consisting  of  an  arc  of  3-inch  radius.  The  basic  for¬ 
ward  section  and  its  inti-rchangeablc-  afterbodii-s  an-  shown  in  Fig.  I. 
The  models  varii'd  as  follows: 
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Ratio  of  Base  to 

Configuration  Cylinder  Diameter,  % 


A 

0 

B 

30 

C 

50 

D 

72 

E 

8} 

F 

89 

G 

100 

H 

87 

The  models  were  supported  with  a  lenticular  strut  3/8  inch  thick, 
with  a  chord  length  of  3  inches.  Two  air  channels  passed  through  the 
strut,  then  through  the  model  to  ports  in  the  base;  one  was  used  for 
measuring  base-cavity  pressure,  the  other  for  supplying  air  for  venti¬ 
lation.  The  joint  between  the  afterbody  and  the  center  section  was 
sealed  with  a  flat  gasket  to  prevent  air  leakage. 

A  Fischer  and  Porter  Co.  rotameter  was  used  for  measuring  the 
air-flow  rate  within  1%.  The  air  pressure  at  the  rotameter  was 
measured  by  a  bourdon  tube  gage  to  an  accuracy  of  l/lO  psi,  while 
the  air-flow  rate  was  controlled  by  means  of  a  conventional  flow¬ 
regulating  valve.  Base-cavity  pressure  was  measured  with  a  CTT- 
developed  series  of  water  manometers  and  valves  having  an  accuracy 
of  about  2%, 

The  CIT  free-surface  water  tunnel  is  described  in  Ref.  11,  and  the 
mechanical  balance  used  in  measuring  drag  in  Ref.  12.  The  balance 
measures  the  drag  to  l/lOOO  pound  but,  because  of  fluctuations  of  flow 
in  the  tunnel,  the  data  are  valid  to  only  l/lOO  pound.  Unless  otherwise 
stated,  all  the  tests  described  here  were  conducted  at  24.6  ft/sec. 

FLOW  DESCRIPTION 

The  flow  patterns  behind  the  bases  of  Models  C  -  H,  when  they  are 
partially  vented,  are  shown  in  Fig.  2-7.  Note  that  a  relativiTy  short 
region  of  separated  flow,  composed  of  a  bubbly  air-water  mixtun-, 
exists  directly  behind  the  bases. 

As  the  air-flow  rate  increases,  an  increasing  amount  of  air  is 
mixed  with  the  water  in  the  region  behind  the  base  until  suddenly  an 
air-filled  cavity  appears.  The  air-flow  rate  at  this  point  is  called  the 
critical  value,  and  the  model  is  said  to  be  base-vented.  Figures  8-14 
show  Models  B  -  H  with  base-vented  cavities.  Note  how  the  air-wati  r 
interface  tends  to  extend  the  streamlined  body  contour  rearward,  so 
that  a  pseudo  tail  cone  is  formed. 

If  the  air-flow  rate  is  further  increased,  the;  cavity  changes  little 
in  shape  but  becomes  distended  near  the  end  (Fig.  15  and  I*.)* 
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FIG.  8.  Model 
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FIG.  10.  Mod'  I  D,  i',a. 
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Increasing  the  angle  of  attack,  a,  of  a  base-vented  model  has  the 
effect  of  making  the  cavity  more  asymmetrical  and  causing  twin  vor¬ 
tices  to  form,  as  shown  for  Models  D  and  H  in  Fig.  17  -  20. 

The  air-flow  rate  can  be  reduced  below  the  critical  value  without 
disturbing  the  air-filled  cavity;  this  phenomenon  is  called  a  "hysteresis 
effect,"  since  the  critical  air-flow  rate  coefficient  with  reducing  flow, 
Qcr-«  less  than  the  critical  flow-rate  coefficient  with  increasing, 
flow,  Qcr+*  flow  rate  is  then  reduced  further,  the  air-filled 

cavity  collapses  and  the  original  flow  pattern,  composed  of  a  gas-water 
mixture,  arises  once  again.  The  various  stages  of  collapse  can  be 
seen  in  Fig.  21-23  for  Model  D.  As  the  cavity  gets  smaller,  the  re¬ 
entrant  jet  can  be  seen  to  impinge  on  the  lower  cavity  wall  closer  and 
closer  to  the  base.  When  the  disturbance  inside  the  cavity  caused  by 
the  re-entrant  jet  is  sufficiently  great,  the  cavity  collapses  and  takes 
on  the  appearance  of  Fig.  3. 


RESULTS  AND  ANALYSIS 


The  drag  coefficients  CDA  CDv  plotted  as  functions  of  the 
dimensionless  air-flow  rate  Q'  in  Fig.  24  and  25,  respectively,  for 
Models  A  -  H  at  Q  =0°.  Perhaps  the  most  reasonable  way  to  compare 
drag  is  on  the  basis  of  unit  volume,  as  in  Fig.  25,  rather  than  unit 
cross-sectional  area,  as  in  Fig.  24.  When  this  is  done,  the  result  is 
that  CDv»  base-vented  models  except  G,  is  essentially  the  same 

as  for  Model  A,  the  parent  streamlined  model.  The  exception.  Model  G 
(dc/d  =  100%),  has  25%  higher  drag. 

It  is  seen  that  the  fully  wetted  drag  based  on  the  volume  of  each 
model  increases  as  the  truncation  diameter  increases,  with  the  excep¬ 
tion  of  Model  H  (dc/d  =  87%),  whose  drag  lies  midway  between  ModiT  E 
(dc/d  =  81%)  and  Model  F  (dc/d  =  89%).  The  primary  difference  be¬ 
tween  the  models  is  that  Model  H  has  much  greater  curvature  ahead  of 
its  base.  Typical  of  all  the  curves  is  the  sudden  reduction  in  drag  to 
a  minimum  value  as  Qcr  is  reached.  The  drag  then  remains  essen¬ 
tially  constant  as  Q'  increases  further. 

CAVITY  PRESSURE 

Cavity  pressure,  expressed  in  dimensionless  form,  is  represented 
by  the  ventilation  number 
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FTG.24.  Cd^  Versus  Q' 
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FIG.  25.  Versus  Q' 
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where  Pgo  and  qoo  are  the  free-stream  static  and  dynamic  pressures, 
respectively,  and  Pc  is  the  cavity  pressure.  Looking  first  at  the  fully 
wetted  base  pressure  in  terms  of  cavity  number  K,  it  is  seen  in  Fig.  26 
that  K  increases  progressively  as  truncation  diameter  increases,  ex¬ 
cept  for  Model  H.  The  increased  tailcone  curvature  of  Model  H  has 
apparently  produced  an  increase  in  its  base  pressure  and  a  reduction 
in  its  drag. 


FIG.  26.  K  Versus  Q',  Models  A  Through  H. 

When  the  models  are  vented,  a  similar  progression  in  the  increase 
of  K  with  increasing  truncation  diameter  is  seen,  again  with  the  ex¬ 
ception  of  Model  H,  The  photographs  of  the  vented  condition.  Fig.  8-14 
indicate  that  the  cavity  length  of  Model  H  is  much  shorter  than  those  of 
the  basic  family  having  the  same  truncation  diameter;  this  is  apparently 
caused  by  the  increased  tailcone  angle  and  the  curvature  at  its  base. 
Note  that  the  cavity  pressures  of  all  the  base-vented  models  are  greater 
than  the  depth  pressures,  with  the  exception  of  Model  G,  the  100% 
truncation.  This  result  is  expected,  however,  since  any  potential-flow 
solution  of  a  streamlined  body  (i.  e.  ,  body  plus  cavity)  would  predict  a 
pressure  greater  than  free-stream  at  the  tail. 
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CRITICAL  AIR- FLOW  RATE 

It  is  seen  in  Fig.  24,  25,  and  26  that  when  the  air-flow  rate  reaches 
the  critical  value  Qcr»  then  CDa>  ^Dy.  and  K  all  suddenly  and  simul¬ 
taneously  reduce  to  steady  minimum  values.  This  phenomenon  occurs 
simultaneously  with  the  formation  of  an  air-filled  cavity.  All  the  data 
in  Fig.  24,  25,  and  26  were  acquired  by  increasing  the  air-flow  rate; 
the  hysteresis  effect  caused  by  reducing  air-flow  rate  is  not  shown. 

The  following  table  derived  from  the  basic  data  sheets  shows  the  values 
of  Qcr-I-  and  Qcr-  as  a  function  of  model  configuration,  angle  of  attack, 
and  truncation  diameter: 


Model 

Q.deg 

dc/d 

Qcr+ 

Qcr- 

B 

0.00 

30 

...  a 

1 

.  .  .  ^ 

C 

0.00 

50 

0.007  -  0.011 

...  a 

D 

0.00 

72 

0.010 

0.006 

E 

0.00 

81 

0.010 

0.006 

F 

0.00 

89 

0.012 

0.007 

G 

0.00 

100 

0.017 

0.010 

H 

0.00 

87 

0.008 

0.006 

H 

2.62 

87 

0.009 

0.009 

H 

4.29 

87 

0.01  1 

0.011 

a  Not  measurable  with  the  equipment 
used. 


It  is  seen  that  some  of  the  critical  air-flow  rates  are  very  low, 
since  Q'  represents  the  fraction  of  free- stream  velocity  required  to 
ventilate  the  base.  The  value  of  Qcr  for  Model  H  is  much  lower  than 
those  of  the  other  models  with  equivalent  truncation  diameters. 


EFFECT  OF  TUNNEL  SPEED 

Tests  on  Models  A  and  H  were  conducted  to  determine  whether  sig¬ 
nificant  scaling  effects  occurred  as  the  result  of  a  change  in  tunnel 
velocity.  The  results  of  Fig.  27  show  that  the  ratio  of  CDV  15  ft/sec 
to  CDy  at  25  ft/sec  for  Models  A  and  H  are  1.09  and  1.07,  respectively. 
The  ratio  of  turbulent  skin-friction  coefficients  at  the  two  Reynolds 
numbers  is  about  1.08.  Consequently,  the  change  in  measured  drag 
appears  to  be  caused  by  the  change  in  frictional  drag  with  Reynolds 
number  (R|  =  Voof/v). 
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FIG.  27.  Effect  of  Tunnel  Speed  on  COyi  Models  A  and  H. 

It  is  also  seen  in  Iig.27  that  a  change  in  speed  has  no  effect  on 
either  Qcr+  Qcr-*  Similarly,  speed  has  no  effect  on  cavity  number, 
K,  as  plotted  in  Fig.  28.  As  a  result,  the  cavity  characteristics  ap¬ 
pear  to  be  functions  of  dynamic  pressure  and  not  Froude  number 
(F  =  V /n/ gl )  or  Reynolds  number. 


ANGLE  OF  ATTACK 

The  effect  of  angle  of  attack  on  CDv  (Models  A  and  H)  and  K 
(Model  H)  are  shown  in  Fig.  29  and  30,  respectively.  The  drag  of 
Model  H  increased  about  30%  from  a  =  0*  to  a  =  4.3*  and  the  drag  of 
Model  A  increased  7%.  The  drag  increase  of  Model  H  was  believed 
to  have  resulted  from  a  reduction  in  base  pressure  caused  by  an 
increased  asymmetry  of  the  cavity  and  the  formation  of  twin  vortices. 
The  value  of  K  is  seen  to  increase  (i.  e.  ,  base  pressure  reduces)  from 
-0.036  at  Q  =  0  *  to  -0.006  at  a  =  4.3®. 

It  IS  also  seen  in  Fig.  29  and  30  that  Qcr+  increases  from  0.008  to 
about  0.011  as  a  increases  from  0°  to  4.3®.  The  hysteresis  effect  dis¬ 
appears  above  a  =  2.6*. 
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FIG.  28.  Effect  of  Tunnel  Speed  on  K,  Model  H. 


CONCLUSIONS 

The  results  show  that  there  was  no  drag  penalty  for  most  of  the 
base-vented  configurations  since  the  drags  based  on  body  volume  were 
the  same  as  for  the  fully  wetted  streamlined  configuration.  Of  all  the 
configurations  tested,  only  the  model  with  the  IOO70  truncation  had  a 
higher  drag  per  unit  volume  than  the  streamlined  model. 

The  boat-tailed  configuration.  Model  H,  had  the  shortest  tail  cone 
and  the  lowest  critical  air-flow  rate  of  all  f^e  configurations  tested, 
with  no  penalty  in  drag. 

It  was  found  that  the  cavity  pressure  was  greater  than  the  depth 
pressure  for  all  base-vented  models  having  a  truncation  diameter 
less  than  about  90%.  The  gas-flow  hysteresis  effect  was  found  to  in¬ 
crease  with  increasing  truncation  diameter  and  to  reduce  with  increas¬ 
ing  angle  of  attack. 

The  results  show  that  the  drag  coefficient  varies  with  Reynolds 
number  in  proportion  to  the  coefficient  of  turbulent  skin  friction. 
Neither  the  critical  air-flow  rate  coefficient,  Qcr»  the  ventilation 
number,  K,  were  noticeably  affected  by  Reynolds  or  Froude  numbers. 

There  was  no  sign  of  ventilation  forward  of  the  base  during  the 
entire  test  series,  including  exploratory  tests  up  to  an  angle  of  attack 
of  6*. 
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There  was  a  drag  increase  of  about  30%  for  Model  H  placed  at  an 
angle  of  attack  of  4.3*;  in  addition,  the  critical  air-flow  coefficient, 
Qcj.,  increased  about  36%.  These  two  increases  were  apparently 
caused  by  a  reduction  in  base  pressure,  the  asymmetry  of  the  base 
cavity,  and  the  formation  of  twin  gas-filled  vortices  at  the  rear  of  the 
cavity. 
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